We hypothesized that creatine supplementation would reduce birth intervals, stillbirth rate, and preweaning survival in pigs because of its reported improvement of athletic performance in humans. In Exp. 1, gilts (n = 42) and fi rst parity sows (n = 75) were mated at estrus. Beginning on d 110 of gestation, dams received either no treatment or 20 g creatine daily until farrowing. At farrowing in November 2008, pigs were monitored by video camera to determine individual piglet birth intervals. On d 1, piglets were weighed, euthanized, and the cerebellum, brain stem, and spinal cord were collected from the largest and smallest piglets in each litter to measure myelin basic proteins, myelin cholesterol, glucocerebrosides, phosphatidylethanolamine, phosphatidylcholine, and sphingomyelin. Preweaning mortality of the remaining piglets was recorded, including whether a piglet had been overlayed by the dam. A second experiment was performed using gilts (n = 90), farrowing in July 2010, to test differential effects of creatine supplementation during hot, humid weather when dams typically have more diffi culty farrowing. Once again, gilts were provided either no supplementation or 20 g creatine daily from d 110 to the day of farrowing. Gilts were video recorded during farrowing, piglets were weighed on d 1, and preweaning mortality (including overlays) was recorded. In Exp. 1, creatine supplementation had no effect on birth intervals or stillbirth rate. Creatine supplementation improved the amount of myelin lipids in brain regions of piglets, particularly the brain stem. Creatine supplementation also reduced overlays of low birth weight piglets from gilts but not second parity sows. Data from Exp. 2 were combined with gilt data from Exp. 1 to examine the effect of creatine, season, and their interaction. There were no effects of treatment or season on birth intervals, stillbirth rates, or overall preweaning mortality. Creatine treatment reduced the incidence of overlays in low birth weight piglets in the combined data set. These results suggest that creatine supplementation improved myelination and may reduce the incidence of low birth weight piglets being crushed by the dam.
INTRODUCTION
The incidence of stillbirth has been reported to be as high as 8% (van Dijk et al., 2005; Canario et al., 2006; Rosendo et al., 2007) . Preweaning mortality can be as high as 20% of piglets born alive (Fahmy et al., 1978; Rosendo et al., 2007) . Both stillbirth (Arango et al., 2006; Mesa et al., 2006; Baxter et al., 2008) and preweaning mortality (Bereskin et al., 1973; Leenhouwers et al., 2001; Milligan et al., 2002) are associated with low birth weight piglets, which are increasing as the swine industry selects for greater litter size. Along with low birth weight, delays in farrowing also infl uence both stillbirth (Sprecher et al., 1974; Tuchscherer et al., 2000; Vallet et al., 2010) and preweaning mortality (Lay et al., 2002) . Although these effects of farrowing delays are well established, there are few strategies available to reduce birth intervals in swine.
It has been reported that creatine supplementation improves athletic performance, particularly in highly repetitive, strenuous activities (Kreider, 2003; PaddonJones et al., 2004) . This effect is likely due to the role of creatine in maintaining ATP supplies during strenuous anaerobic muscle activity (Persky and Brazeau, 2001; Brosnan and Brosnan, 2007) . Delivering piglets is one of the most strenuous activities female pigs undergo in their lifetime. We hypothesized that creatine supplementation might provide improved dam performance during this process. It also seemed possible the supplemented creatine could be transferred to the piglet during gestation and result in improved development of the fetus and better vigor and energy use by newborn piglets. We hypothesize that these changes would reduce preweaning mortality. In addition, previous studies have indicated that creatine and creatine phosphate concentrations were positively associated with the process of myelination (Molloy et al., 1992; Manos and Bryan, 1993; Shen et al., 2002) , which we have suggested may be related to reduced preweaning mortality (Vallet and Miles, 2012a) . The primary objective of these experiments was to test whether creatine supplementation of dams for the last 4 to 6 d of gestation would result in reduced birth intervals. A secondary objective was to determine whether creatine supplementation reduced stillbirth and preweaning mortality of piglets.
MATERIALS AND METHODS
All experiments were performed in accordance with FASS guidelines (FASS, 2010) for conducting research using agricultural animals and were approved by the U.S. Meat Animal Research Center (USMARC) institutional animal care and use committee.
Experiment 1
Crossbred (Landrace, York, Duroc) gilts and fi rst parity sows were mated at estrus to fertile crossbred boars of the same breed composition. At d 109 of gestation, gilts (n = 42) and sows (n = 75) were moved to farrowing crates. The temperature of the farrowing house is heated to maintain a temperature of 23°C during winter months. On d 110, gilts and sows received either 100 g of a control supplement (80 g of normal gestation diet, 20 g of corn syrup) or 100 g of a creatine supplement [60 g of normal gestation diet, 20 g corn syrup, 20 g creatine monohydrate (General Nutrition Corporation, Pittsburg, PA)], in addition to their normal daily feed (corn syrup was added to ensure that gilts and sows ate the entire supplement when given). Dams were fed 2 kg per day of the normal lactation feed used at USMARC, which consisted of 72.6% ground corn, 22.9% soybean meal, 1.6% dicalcium phosphate, 0.7% limestone, 0.5% NaCl, 0.2% vitamin premix 11, 0.2% trace mineral H, 0.2% choline chloride, 0.13% Tylan 40 (Elanco Animal Health, Greenfi eld, IN), and 1% soybean oil. The diet meets or exceeds dam requirements as indicated by NRC. The dosage of creatine applied was similar to loading doses used in humans (Kreider, 2003; Paddon-Jones et al., 2004) . Dams were fed and treated at 0600 h. A blood sample (10 mL) was collected into a heparinized tube from each dam on d 113 of gestation, 2 to 3 h after treatment, to measure plasma creatine. Blood samples were centrifuged for 10 min at 1000 × g at 4°C to collect plasma. This time point was chosen to establish plasma concentrations of creatine generated by supplementation. Plasma creatine was measured using a modifi cation of the assay of Kennaugh et al. (1997) and Jäger et al. (2007) . Briefl y, the assay measures the disappearance of NADH in a chain reaction. Disappearance of NADH was measured by absorption at 240 nm. Creatine standards from 0 to 0.2 mM were used for the assay and the standard curve was compared with samples. Intra-assay and interassay CV for this assay were 22.1% and 10.7%, respectively.
Video cameras were placed at the end of the farrowing crates before farrowing began so that time of birth of each piglet could be recorded as previously described (Vallet et al., 2010) . Briefl y, using the recorded videos, birth intervals (min) for each piglet were measured from the birth of the previous piglet. Each piglet was assessed as born alive, stillborn, or mummy. Gilts and sows farrowed in November 2008. On d 1 after birth, all piglets in each litter were processed (ears notched to provide a unique identifi cation, tails docked, needle teeth clipped, iron dextran injection) and weighed. In a subset of litters chosen at random (n = 8 for control gilts, n = 7 for creatine-treated gilts, n = 10 for control sows, n = 10 for creatine-treated sows), the smallest and largest pig-lets in each litter were rendered unconscious with CO 2 and then killed by transecting the neck with a scalpel. Samples of spinal cord, brain stem, and cerebellum were collected for measurement of myelin, as previously described (Vallet and Miles, 2012a) . Briefl y, tissue regions were homogenized in 10 volumes of 10 mM Tris pH 8.0, 1 M sucrose, and then an aliquot was centrifuged (13,000 × g, 5 min, 4°C), supernatant decanted, diluted 10-fold in 10 mM Tris, and centrifuged again (13,000 × g, 5 min, 4°C) to collect the pellet. The pellet was then subjected to either sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or TLC. Gels and TLC plates were stained with coomassie and Naphthol Black, respectively, and myelin basic proteins and lipid bands were measured by densitometry. Losses of the remaining piglets were recorded as overlays if there was evidence that the piglet had been crushed by the dam. Remaining piglets in the litter were weaned, weighed, and their survival was recorded at ~20 d of age.
Experiment 2
To compare the effect of creatine treatment on birth intervals, stillbirth rates, and preweaning survival during hot weather (when pigs typically have more diffi culty farrowing) with data collected during cooler weather (Exp.1), we repeated Exp. 1 with these differences: in Exp. 2, the same dietary supplements were provided, but only gilts (n = 90) were used. Farrowings were recorded as in Exp. 1. Gilts for Exp. 2 were farrowed in July 2010. Blood samples were collected from each newborn piglet on d 1 by jugular venipuncture (~1 mL) and measured for immunoglobulin, using the immunoglobulin immunocrit (Vallet et al., 2013) , which provides an assessment of the ability of the newborn piglet to acquire colostrum. To get a better measure of preweaning survival, all piglets were provided the opportunity to reach weaning. As in Exp. 1, birth weights, overlays, whether piglets survived to weaning (~20 d), and weaning weights were recorded.
Statistical Analysis
To examine the effects of parity and interactions with treatment, data from Exp. 1 were analyzed separately from Exp. 2. Dam plasma creatine data and farrowing results (number born, born alive, stillborn, mummies, and weaned) were analyzed, using PROC GLM (SAS Inst. Inc., Cary, NC), with a model that included treatment, parity, and treatment by parity interaction. For analyses of number of piglets weaned, dams for which piglets were used to evaluate myelination were deleted from the analysis and number of piglets born alive was used as a covariate. Individual piglet birth and weaning weights were analyzed using PROC MIXED of SAS using a model that included treatment, parity, and treatment by parity interaction, with dam within treatment by parity as a random effect. Birth intervals were analyzed after log transformation to improve variance homogeneity. Birth interval data from Exp. 1 were analyzed using PROC MIXED using a model that included parity, treatment, the parity by treatment interaction, the proportion of the litter farrowed (Vallet et al., 2010) , the treatment by proportion of the litter farrowed interaction, the parity by proportion of the litter farrowed interaction and the treatment by parity by proportion of the litter farrowed interaction. Dam within treatment by parity interaction was a random effect.
The primary purpose of Exp. 2 was to compare results with Exp. 1 to determine differential effects of creatine in hot weather when dams typically have more diffi culty farrowing. To compare results from gilts farrowing in November 2008 and July 2010, data collected from second parity were deleted from Exp. 1 and the remaining gilt data were combined with gilt data from Exp. 2. Farrowing results were analyzed using PROC GLM, with a model that included season/year, treatment, and season/year by treatment interaction. As for the results of Exp. 1, analysis of the number of piglets weaned was performed after deletion of dams for which piglets were used to examine myelination and number of piglets born alive was used as a covariate in the analysis. Piglet birth weight and weaning weight data were analyzed using PROC MIXED and a model that included effects of season/year, treatment, season/year by treatment, and with dam within season/year by treatment as a random effect. Birth interval data were analyzed using PROC MIXED, using a model that included season/year, treatment, season by treatment interaction, proportion of litter farrowed, season by proportion of litter farrowed interaction, treatment by proportion of litter farrowed interaction, and season by treatment by proportion of litter farrowed interaction. Dam within season/year by treatment was used as a random effect.
For stillbirth data, similar models to that used for birth intervals (including proportion of litter farrowed) were attempted to analyze incidence of stillbirth; however, many of the parity, treatment, or season by proportion of litter farrowed subclasses had no incidence of stillbirth, rendering this analysis inappropriate. Stillbirth, preweaning mortality, and incidence of overlayed piglets were analyzed using PROC GLIMMIX for the effects of parity and treatment using data from Exp. 1 and the same model as that used for birth and weaning weights. The effects of season and treatment on stillbirth and preweaning mortality were analyzed using data from both experiments (deleting second parity data) and PROC GLIMMIX of SAS and the same model as that described for birth and weaning weights. Separate analyses (Exp. 1 only for parity effects, Exp. 1 and 2 combined, without second parity sow data) were also performed to determine the effects of parity and season, respectively, and their interactions with treatment on the relationship between birth interval and stillbirth. Because signifi cant interactions indicating that birth intervals may have been shortened for piglets in the last birth position in the litter for sows from Exp. 1 and gilts in hot weather, an analysis was performed using PROC GLIMMIX on the stillbirth rates for piglets in the last position in each litter for Exp. 1 and Exp. 1 and 2 combined. For Exp. 1, the model used included treatment, parity, and treatment by parity. For Exp. 1 and 2 combined, the model used included treatment, season/year, and treatment by season/year, with second parity sows excluded from Exp. 1.
Birth weight, brain stem weight, cerebellum weight, myelin basic proteins, and lipid data collected from the largest and smallest piglets in each litter from Exp. 1 were analyzed using PROC MIXED, and a model that included treatment, parity, treatment by parity, piglet size, treatment by piglet size, parity by piglet size, and treatment by parity by piglet size. Dam within treatment by parity was a random effect. Immunocrit data collected in Exp. 2 were analyzed using a model that included effects of treatment, with dam within treatment as a random effect.
RESULTS
Analysis of plasma creatine values indicated a treatment by parity interaction (P < 0.01). Plasma creatine did not differ between parities in control gilts and sows (0.03 ± 0.01 mM and 0.05 ± 0.01 mM, respectively), but supplementation of creatine resulted in a greater (P < 0.01) increase in plasma creatine in gilts (0.20 ± 0.01 mM), compared with second parity sows (0.16 ± 0.01 mM). Table 1 provides a summary of farrowing results from Exp. 1. There were no treatment, parity, or treatment by parity effects for number of piglets born, number born alive, number stillborn, number of mummies or number weaned. There were parity effects for birth and weaning weights, but no treatment effect and no treatment by parity interaction.
Ambient average outside temperature and relative humidity for the month of November 2008 varied during the day from 8°C, 57% at 1500 h to 1°C, 86% at 2400 h; however, the farrowing house was heated to maintain a temperature of 23°C. Ambient outside temperature and relative humidity for the month of July 2010 varied during the day from 29°C, 62% at 1700 h to 19°C, 95% at 0600 h. The average hourly temperature in July was >23°C for 12 h out of 24 h. Table 2 provides a summary of farrowing results from Exp. 1 and 2 combined, using only data collected from gilts. There was a significant reduction in total born in July 2010, compared with November 2008; however, this effect did not reach signifi cance for the number born alive. There were no treatment or treatment by season/year interactions for these traits. There were no effects of season/year, treatment, or treatment by season/year interaction on number of stillborns or mummies. There was a treatment by season/ year interaction for number of piglets weaned (P < 0.05) with creatine appearing to reduce the number of piglets weaned in November 2008 and having a slight positive effect on number of piglets weaned in July 2010.
Results of the analysis of birth interval data from Exp. 1 indicated a treatment by parity by proportion of the litter farrowed interaction (P < 0.05; Fig. 1 ). Using orthogonal contrasts, this interaction was found to be primarily due to an interaction (P < 0.01) in the last 2 proportion farrowed categories with treatment and parity. In sows, cre- 2 Number weaned least squares means exclude sows for which piglets were collected to examine myelination and was analyzed with number born alive as a covariate. Number in parentheses is number of dams.
3 Parity (P = 0.05). 2 Effect of season/year (P < 0.05).
3 Dams for which piglets were collected to evaluation brain myelination were not included in this analysis. Number in parentheses is the number of observations for that mean. Season/year by treatment interaction (P < 0.05). 4 Treatment by season/year interaction (P < 0.05).
atine treatment reduced birth interval of the last piglet (14 min, range ± log transformed SE 10 to 19 min), compared with birth interval of the last piglet in control sows (25 min, range 19 to 32 min). In contrast, in gilts, creatine treatment increased birth interval of the last piglet (41 min, range 28 to 62 min), compared with control-treated gilts (20 min, range 13 to 30 min). Similar analyses of the combined data from Exp. 1 and 2 to examine season/year effects and the interaction with treatment once again indicated a trend (P = 0.07) for a treatment by season/year by proportion of the litter farrowed interaction (Fig. 2) . Once again, orthogonal contrasts indicated that the interaction was primarily due to differences in the last 2 proportion of the litter farrowed categories (P < 0.01). During November 2008, creatine treatment of gilts increased birth interval of the last piglet farrowed (41 min, range 28 to 62 min), compared with controls (20 min, range 13 to 30 min). In July 2010, creatine treatment reduced birth interval of the last piglet farrowed (23 min, range 19 to 28 min), compared with controls (32 min, range 26 to 39 min). In addition to this interaction, there was a trend (P = 0.06) for an effect of season/year on birth intervals, with birth intervals being longer (11.9 min, range 10.9 to 13.1 min.) in July 2010, compared with November 2008 (9.1 min, range 8.2 to 10.2 min.). The interactions indicating that birth intervals were shortened for piglets in the last birth position in the litter for sows from Exp. 1 and gilts in hot weather indicated that stillbirth rates in this position were affected. For Exp. 1, there was no effect of treatment, parity, or treatment by parity interaction on the frequency of stillbirth in the last birth position. However, the frequencies of stillbirth at this position were 0.08 ± 0.07 (n = 13) for control gilts, 0.08 ± 0.05 (n = 25) for control sows, 0.23 ± 0.11 (n = 13) for creatine gilts, and 0.08 ± 0.06 (n = 24) for creatine sows. For Exp. 1 and 2 combined, there were no effects of treatment, season/year, or treatment by season/year interaction on the frequency of stillbirth for the last piglet born. The frequencies of stillbirth were 0.08 ± 0.07 for control gilts in November 2008, 0.09 ± 0.04 for control gilts in July 2010, 0.23 ± 0.11 for creatine gilts in November 2008, and 0.18 ± 0.06 for creatine gilts in July 2010.
Analysis of the effect of birth interval on stillbirth incidence indicated that neither treatment nor parity had any effect on this relationship. However, there was an effect (P < 0.05) of season/year on the relationship between birth intervals and stillbirth incidence (Fig.  3) . Results indicated that stillbirth rate increased more rapidly with increasing birth interval during July 2010, compared with November 2008. Further analyses were undertaken on the relationship between birth weight and stillbirth, overall preweaning mortality, and mortality due to piglets being crushed by the sow (overlay) to determine whether treatment, parity, or season/year infl uenced the survival of low birth weight piglets. Birth weight had effects (P < 0.01) on stillbirth, preweaning mortality, and incidence of overlays. There were no treatment, parity, or season/ year effects on the relationship between birth weights and stillbirth. There were no treatment, parity, or season/ year effects on the relationship between birth weights and overall preweaning mortality. There was a trend toward an interaction between treatment and parity (P = 0.06) and a parity effect (P < 0.05) on the relationship between birth weights and incidence of overlays. An examination of these relationships (Fig. 4) indicated that overlays of low birth weight piglets were more common in gilts compared with sows, and that creatine treatment reduced the incidence of overlays in gilts. Analysis of season/year and treatment using combined data from Exp. 1 and 2 (gilt data) indicated no effect of season/ year on overlays, but there was an effect of treatment (P < 0.05) on the relationship between birth weight and incidence of overlays. Examination of these results (Fig.  5 ) again indicated that treatment reduced the incidence of overlays in low birth weight piglets.
In Exp. 1, the infl uence of parity, creatine treatment, and fetal size on cerebellum and brain stem weights, and cerebellar, brain stem, and spinal cord myelination was examined. The number of piglets born alive for the sampled litters were 10.3 ± 1.1, 10.4 ± 1.2, 8.4 ± 1.0, and 10.7 ± 1.0 for control gilts, control sows, creatine-treated gilts, and creatine-treated sows, respectively. There were no effects of treatment, parity, or treatment by parity interaction on number born alive for litters sampled for myelination. Cerebellum and brain stem weights were less (P < 0.01) in small compared with large fetuses; however, there were no effects of treatment or parity (Table 3) . Cerebellar myelin basic protein and myelin lipid measurements are presented in Table 4 . There was an effect (P < 0.01) of parity on high molecular weight myelin basic protein. For cerebellar lipids, there was a consistent parity by treatment by fetal size interaction (P < 0.05, cholesterol and hydroxyglucocerebroside; P < 0.01, nonhydroxyglucocerebroside, phosphatidylethanolamine, phosphatidylcholine, sphingomyelin) for all the lipids examined. This interaction was due to a consistent reduction of myelin lipids in small piglets from control second parity sows, which did not occur in control gilts. Moreover, despite there being no difference between large and small fetuses in control gilts, creatine treatment decreased myelin lipids in small piglets from creatine-treated gilts. In contrast to the effect of creatine in gilts, the reduction in myelin lipids in small, compared with large, piglets from second parity sows did not occur in creatine-treated, second parity sows.
In the brain stem (Exp. 1, Table 5 ), there was an effect of parity (P < 0.01) on high molecular weight myelin basic protein. For myelin lipids, there were consistent effects of fetal size (P < 0.05, cholesterol; P < 0.01, hydroxyl and nonhydroxyglucocerebroside, phosphatidylethanolamine, phosphatidylcholine, and sphingomyelin) and a treatment by fetal size interaction (P < 0.05, hydroxyglucocerebroside; P < 0.01, cholesterol, nonhydroxyglucocerebroside, phosphatidylethanolamine, phosphatidylcholine, sphingomyelin) for all lipids, and a parity by fetal size interaction (P < 0.05, cholesterol, sphingomyelin; P < 0.01, nonhydroxyglucocerebroside, Figure 4 . The relationships generated between birth weights and incidence of overlays from Exp. 1 is illustrated. Analysis indicated a signifi cant parity by treatment interaction on the relationship between birth weight and overlays. The individual plots suggest that creatine treatment reduced the incidence of overlays for low birth weight piglets of gilts but not second parity sows. Least squares means for categories of birth weights are also illustrated to provide information on how well the lines fi t the observed data. Figure 5 . The relationships between birth weight and incidence of overlays from Exp. 1 and 2, combined (excluding second parity sows), between creatine-treated and control gilts are illustrated. Analysis indicated that the 2 regression lines differed (P < 0.05), indicating that creatine treatment reduced incidence of overlays in low birth weight piglets. Least squares means for categories of birth weights are also illustrated to provide information on how well the lines fi t the observed data.
phosphatidylethanolamine, phosphatidylcholine) for all lipids but hydroxyglucocerebroside. Examination of the least squares means for brain stem lipids indicated that lipids were consistently reduced in small piglets of control gilts, with a greater reduction in second parity sows. This reduction in myelin lipids did not occur in creatinetreated gilts and second parity sows.
Within the spinal cord (Exp. 1), there was an effect (P < 0.01) of parity on high molecular weight myelin basic protein (Table 6 ). For myelin lipids, there was a parity by fetal size interaction for cholesterol (P < 0.05), phosphatidylethanolamine (P < 0.05), phosphatidylcholine (P < 0.05), and sphingomyelin (P < 0.01), and a parity by treatment by fetal size interaction for phosphatidylcholine (P < 0.05). Examination of the least squares means for these lipids indicated that parity by fetal size interaction was due to a greater reduction in lipids in small piglets from second parity sows. The parity by treatment by fetal size interaction for phosphatidylcholine was due to an improvement in this lipid in small piglets from creatine-treated second parity sows.
In Exp. 2, the effects of creatine treatment on piglet immunocrits were measured. Piglet immunocrits were decreased (P < 0.05) in creatine-treated gilts, compared with control (0.109 ± 0.003 and 0.118 ± 0.003, respectively). An analysis of incidence of piglets <0.05 threshold for immunocrit indicated that creatine and control did not differ in frequency of piglets below threshold (0.025 ± 0.008 and 0.035 ± 0.009, respectively).
DISCUSSION
This experiment examined whether creatine supplementation might be useful to reduce birth intervals during farrowing, reduce stillbirth of piglets, and improve preweaning survival of piglets. Results indicated that creatine had either subtle or no effect on these variables. Reports from the sports performance fi eld have suggested that creatine supplementation can be useful in improv- Table 3 . Effects of treatment, parity, and fetal size on birth, cerebellum, and brain stem weights in piglets sampled for myelination HMBP 1 49 ± 5 42 ± 5 59 ± 4 59 ± 4 51 ± 5 40 ± 5 59 ± 4 65 ± 4 LMBP 100 ± 8 87 ± 8 93 ± 7 88 ± 7 91 ± 9 91 ± 9 104 ± 7 104 ± 7
Chol 2 39 ± 2 39 ± 2 39 ± 2 35 ± 2 35 ± 2 31 ± 2 39 ± 2 40 ± 2 hGC 3 14 ± 1 15 ± 1 15 ± 1 12 ± 1 12 ± 1 11 ± 1 15 ± 1 16 ± 1 nhGC 4 15 ± 2 16 ± 2 14 ± 1 11 ± 1 13 ± 2 12 ± 2 15 ± 1 15 ± 1 PE 5 28 ± 2 29 ± 2 27 ± 2 22 ± 2 24 ± 2 20 ± 2 27 ± 2 29 ± 2 PC 6 22 ± 1 24 ± 1 26 ± 1 23 ± 1 20 ± 1 17 ± 1 23 ± 1 25 ± 1 SM 3 18 ± 2 22 ± 2 21 ± 2 18 ± 2 19 ± 2 15 ± 2 18 ± 2 17 ± 2 1 Parity effect (P < 0.01). Values listed are relative densitometry units.
2 Parity by treatment interaction (P < 0.05) and parity by treatment by fetal size interaction (P < 0.05).
3 Parity by treatment by fetal size interaction (P < 0.05). 4 Parity by treatment by fetal size interaction (P < 0.01).
5 Parity by treatment interaction (P < 0.05) and parity by treatment by fetal size interaction (P < 0.01).
6 Treatment (P < 0.01), parity (P < 0.01), parity by treatment (P < 0.05), and parity by treatment by fetal size interaction (P < 0.01).
ing performance requiring rapid, repetitive, high strength activities (Kreider, 2003; Paddon-Jones et al., 2004) . The farrowing process takes place in 2 stages, the fi rst largely controlled by contractions of the uterus and the second controlled by repetitive abdominal straining by the dam (Ganong, 1999) . Contractions of the uterus are involuntary and accomplished by smooth muscle. Smooth muscle contains creatine, which plays a role in the onset and release of contractions (Clark, 1994; Ishida et al., 1994) . The second phase of farrowing, abdominal straining, is refl exively triggered by the piglet entering the cervix. Abdominal contractions, although refl exively controlled, are powered by skeletal muscles of the abdomen and the role of creatine in skeletal muscle function is well characterized (Persky and Brazeau, 2001; Brosnan and Brosnan, 2007) . Creatine participates in the anaerobic, rapid regeneration of ATP in skeletal muscles through creatine phosphate. Creatine phosphate donates its high energy phosphate to ATP. Once exhausted, ATP and strength of contractions fall to levels that can be sustained through other forms of anaerobic or aerobic metabolism. Creatine also participates in the shuttling of high energy phosphates out of mitochondria, but this activity is more important for long-term energy use than rapid, repetitive Table 5 . Summary of effects of treatment, parity, and fetal size from Exp. 1 on brain stem myelin high (High) and low (Low) molecular weight myelin basic protein (MBP), and cholesterol (Chol), hydroxyglucocerebroside (hGC), nonhydroxy GC (nhGC), phosphatidylethanolamine (PE), phosphatidylcholine (PC), and sphingomyelin (SM) 2 Fetal size (P < 0.05), treatment by fetal size (P < 0.01), and parity by fetal size (P < 0.05).
3 Fetal size (P < 0.01) and treatment by fetal size (P < 0.05).
4 Fetal size (P < 0.01), treatment by fetal size (P < 0.01), and parity by fetal size (P < 0.01).
5 Fetal size (P < 0.01), treatment by fetal size (P < 0.01), and parity by fetal size (P < 0.05). Chol 2 48 ± 2 52 ± 2 51 ± 2 47 ± 2 47 ± 3 47 ± 3 53 ± 2 51 ± 2 hGC 24 ± 2 26 ± 2 27 ± 2 24 ± 2 23 ± 3 23 ± 3 25 ± 2 25 ± 2 nhGC 19 ± 2 21 ± 2 19 ± 2 17 ± 2 18 ± 3 18 ± 3 20 ± 2 20 ± 2 PE 2 37 ± 2 40 ± 2 40 ± 2 35 ± 2 35 ± 3 36 ± 3 41 ± 2 40 ± 2 PC 3 32 ± 2 37 ± 2 36 ± 2 32 ± 2 30 ± 3 32 ± 3 36 ± 2 37 ± 2 SM 4 28 ± 2 30 ± 2 30 ± 2 26 ± 2 26 ± 2 27 ± 2 30 ± 2 30 ± 2 1 Parity effect (P < 0.01). Values listed are relative densitometry units.
2 Parity by fetal size interaction (P < 0.05).
3 Parity by fetal size (P < 0.05) and parity by treatment by fetal size interaction (P < 0.05).
4 Parity by fetal size interaction (P < 0.01).
muscle contractions. Thus, the possibility existed that both the smooth muscle contractions of the uterus and repetitive contractions of the abdominal muscles might be benefi cially improved by creatine supplementation. Results of the current experiments indicated that for much of the farrowing process, creatine treatment had no effect on birth intervals. The only exception to this was birth interval of the last piglet born. Previous results indicated that birth interval of the last piglet is unusually prolonged (van Dijk et al., 2005; Vallet et al., 2010) , which is confi rmed by data from this experiment. Results suggested that creatine treatment of gilts farrowing in cooler temperatures actually prolonged the last birth interval. In contrast, for second parity sows or gilts farrowing during hot weather, creatine treatment reduced birth interval of the last piglet farrowed. The reason for the prolonged birth interval of the last piglet is not known. It does not appear to be due to dam exhaustion, because there is a very poor relationship between time to deliver all previous piglets and length of the last birth interval (Vallet et al., 2010) . However, even though exhaustion resulting from delivery of previous piglets may not contribute to birth interval of the last piglet, exhaustion may contribute to length of the last birth interval itself because of its prolonged nature. Thus, one mechanism that could explain the results of creatine treatment on last birth interval during July 2010 is some reduction in exhaustion of the dam during the birth of the last piglet, accelerating its delivery.
Previous results also indicated a greater incidence of stillbirth in the last birth position, in line with longer birth intervals that occurred in that position (Vallet et al., 2010 ). Thus, we tested whether the reductions in birth interval in July 2010 at this position resulted in a reduction in stillbirth of the last piglet. Results of both Exp. 1 and 2 combined indicated that there was no reduction in stillbirth incidence of the last piglet born due to creatine treatment. Although not signifi cant, there was a trend for creatine supplementation of gilts to increase the frequency of stillbirth in the last birth position, despite reduced birth intervals in hot weather (July 2010 farrowings). These results are reminiscent of using oxytocin to accelerate the birth process. Oxytocin treatment can accelerate the birth process, but stillbirth is increased at the same time, presumably due to increased damage to the piglet or premature separation of the placenta caused by the increase in the strength of contractions (Mota-Rojas et al., 2005a,b) . Taken together, these results suggest that although creatine supplementation may reduce birth intervals in the last birth position, this reduction either does not affect stillbirth rate or may actually increase it.
A secondary hypothesis of this experiment was that creatine supplementation of the dam would result in improved preweaning survival of the piglet. Preweaning survival itself and various indicators of preweaning survival, such as myelination and immunocrit measures, were measured to determine whether creatine supplementation improved aspects of neonatal piglet health. Overall, preweaning survival was unaffected by creatine supplementation, although there was evidence that creatine supplementation reduced the incidence of overlays in low birth weight piglets, particularly in gilts.
The reduction in incidence of overlays in low birth weight piglets suggested that creatine treatment may have altered the response of the dam to piglets or improved the development of piglets. That the changes were specifi c to low birth weight piglets suggests that changes in piglet development are more likely than changes in the dam. Previous reports indicated that myelination is reduced in low birth weight piglets (Dickerson et al., 1971; Vallet and Miles, 2012a) , resulting in the possibility that poor myelination could compromise the ability of low birth weight piglets to avoid being crushed by the dam. In addition, previous studies indicated that creatine and creatine phosphate were associated with the process of myelination in other species (Molloy et al., 1992; Manos and Bryan, 1993; Shen et al., 2002) , suggesting that one possible mechanism for the reduction of overlays might be an improvement in myelination in low birth weight piglets. In support of this hypothesis, measurement of myelin lipids generally indicated that creatine improved the amounts of myelin lipids in small piglets. This was especially apparent in the brain stem, where our previous results indicated that reduction of myelination was greatest in small piglets (Vallet and Miles, 2012a) . However, analysis of the data suggested that the improvement of myelin lipids was greatest in low birth weight piglets of second parity sows, where the incidence of overlays was not signifi cantly reduced. But the incidence of overlays of low birth weight piglets was also much lower in second parity sows compared with gilts and it is possible that maternal behavior improves with parity. Nevertheless, these results confi rm that myelination is reduced in low birth weight piglets and suggests that creatine treatment may be useful in improving myelination. Whether brain myelination contributes signifi cantly to preweaning survival still remains to be determined.
In Exp. 2, it was our hope that the immunocrit could be used as an indicator of piglet vigor and nursing capability (Vallet et al., 2013) . Surprisingly, immunocrits were reduced by creatine supplementation of the dam. The mechanism of this result is unclear but could be due to effects on the dam or piglets. In sows, creatine supplementation could impair initiation of colostrum production, reduce volume of colostrum production, reduce immunoglobulin concentration in colostrum, or accelerate reduction in immunoglobulin concentrations that occurs over the fi rst 24 h after farrowing (Klobasa et al., 1987) . However, there are no data available regarding the effects of creatine on any of these processes. In piglets, creatine supplementation could reduce the urge of piglets to seek the udder, reduce appetites of piglets, or interfere with gut transport of immunoglobulin, which also occurs only transiently for the fi rst 1 to 3 d of life (Porter and Hill, 1970; Murata and Namioka, 1977; Jensen et al., 2001) . A reduction in the urge of piglets to seek the udder or reduced appetite of piglets might explain the reduction in overlays observed as well, reducing their average proximity to the sow.
Along with the average immunocrit, we also analyzed the frequency of piglets below the threshold immunocrit of 0.05. Previous results indicated that regardless of piglet birth weight, piglets below this threshold displayed increased mortality (Vallet and Miles, 2013) . Although there was no statistical difference in the frequency of piglets below this threshold, the trend favored piglets from creatine-supplemented dams, despite a reduction in the overall average immunocrit. Further research will be necessary to determine the interactions between creatine supplementation of sows, effects on colostrum production by the dam, and passive transfer of immunoglobulin to the piglet.
In summary, these results indicated that creatine supplementation of gilts and sows had either no effect or subtle effects on the birth process, stillbirth rates, and preweaning survival of piglets. Creatine treatment may hasten birth interval of the last piglet, which is known to be prolonged but does not appear to reduce and may actually increase stillbirth in this position. Creatine treatment reduced the incidence of overlays in gilts but not second parity sows. Creatine treatment also improved myelination of brain regions in low birth weight piglets, particularly the brain stem; however, the relationship of this effect with preweaning mortality and overlays is not clear. Further research is warranted on the relationship of creatine supplementation, colostrum production, and passive transfer of immunoglobulin to newborn piglets.
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